Introduction
============

Obsessive-compulsive disorder (OCD)^[@bib1]^ is a common, distressing, and impairing^[@bib2]^ condition characterized by recurrent intrusive, disturbing thoughts (obsessions) and/or stereotyped behaviors (compulsions). Cognitive-behavioral therapy (CBT),^[@bib3],\ [@bib4],\ [@bib5]^ especially intensive CBT,^[@bib6],\ [@bib7]^ is a well established, but often incompletely effective treatment for OCD. Elucidation of the brain mechanisms of CBT could enhance existing treatments and open new routes to improved treatment response.

Brain effects of CBT are incompletely explored. Functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) indicate that CBT attenuates pathophysiological hyperactivity in classical cortico-striato-thalamo-cortical (CSTC) OCD regions, such as caudate, putamen, thalamus, anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC).^[@bib8],\ [@bib9]^ Other studies, however, revealed OCD pathophysiology outside classical regions.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ It is plausible that extra-CSTC actions of CBT remediate OCD by normalizing CSTC-hyperactivity or via independent compensatory mechanisms. Such effects represent potential targets for improved treatment efficacy.

Advances in neuroimaging of functional brain connectivity offer opportunities to explore CSTC and extra-CSTC effects of CBT. Analyzing resting-state blood-oxygenation-level dependent (BOLD) functional connectivity using graph theory, one study reported that serotonin reuptake inhibitor (SRI) treatment of OCD increased the global brain network metrics small-worldness and clustering coefficient (indices of information-transfer efficiency), and induced frontal/parietal increases and occipital decreases in local connectivity.^[@bib15]^ Similarly, our earlier study, focused on prediction of OCD relapse after CBT,^[@bib16]^ found pre-to-post-CBT increases in small-worldness and clustering coefficient.

The present study aimed to deepen understanding of the mechanisms of CBT in OCD by measuring pre-to-post-CBT changes in functional connectivity. Our focus was on identifying regional, rather than global, pre-to-post network connectivity changes and on determining whether such changes were associated with improved clinical symptoms.

Functional connectivity from resting-state fMRI (rsfMRI) was evaluated before and after 4 weeks of intensive CBT, including comparison to OCD-waitlist and healthy control groups scanned at corresponding time points. For the analysis we used the network-based statistic (NBS) method. Compared to mass-univariate testing, NBS has greater statistical power in examining local network effects, as it accounts for the extent to which the connections involved in the effect of interest (here, CBT) are interconnected.^[@bib17]^ We employed this data-driven approach because effects of CBT on local functional connectivity in OCD have not previously been tested. Notwithstanding, based on the two previous connectivity studies of OCD treatment^[@bib15],\ [@bib16]^ and on CBT functional connectivity studies in other disorders,^[@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^ we predicted CBT to result in connectivity increases in the OCD group in networks that cross several classical (caudate and putamen)^[@bib20]^ and non-classical (inferior frontal gyrus,^[@bib23]^ middle frontal gyrus,^[@bib15],\ [@bib18],\ [@bib19],\ [@bib21],\ [@bib22]^ precentral gyrus,^[@bib15]^ insula,^[@bib15],\ [@bib21],\ [@bib22]^ posterior cingulate cortex,^[@bib15]^ occipital cortex,^[@bib15]^ and cerebellum^[@bib19],\ [@bib22]^) sites. Strengthening connections with frontal cortices is thought to improve cognitive control and top--down modulation of emotions. Modifying connectivity across other regions may relate to improvements in functions relevant to OCD psychopathology, including switching between default mode and executive action (insula^[@bib13]^), assessment of self-relevant stimuli (posterior cingulate^[@bib11]^), visuospatial functioning (occipital cortex),^[@bib24],\ [@bib25]^ and compulsion-related motor control and modulation of higher-order cognition and affect (cerebellum).^[@bib26]^ However, within CSTC circuits we predicted that connectivity would be stronger between the caudate and the OFC on the right and the left in OCD compared with healthy controls, based on previous studies^[@bib27],\ [@bib28],\ [@bib29]^ and that this connectivity would decrease with treatment. We also predicted that increases with treatment in connectivity in these aforementioned networks and between caudate and OFC would be associated with improved OCD symptoms.

Materials and methods
=====================

Recruitment/assessment
----------------------

We recruited participants through UCLA clinics, flyers, and internet advertisements. All provided informed consent with UCLA Institutional Review Board approval. OCD diagnosis was established through interviews by one author (JDF), who has clinical experience with this population. Primary OCD and comorbid diagnoses were determined using the ADIS-IV-Mini.^[@bib30]^ OCD participants were eligible if they scored 16 on the Yale-Brown Obsessive Compulsive Scale (YBOCS)^[@bib31]^ and had OCD age-of-onset before 18 years. Exclusion criteria for OCD included psychotic disorders, bipolar disorder, lifetime substance dependence, or attention-deficit hyperactivity disorder (ADHD). Comorbid anxiety and depressive disorders were allowed if OCD was the primary diagnosis; however, individuals were excluded if the ADIS-IV clinical significance rating for depression was ⩾6 (severe). To recruit a clinically representative OCD sample, individuals who were either unmedicated or taking SRIs only were included, but no changes in medication within 12 weeks prior to enrollment were allowed. We excluded those with ⩾30 sessions of prior CBT to minimize the possibility of brain changes induced by previous CBT. Exclusion criteria for healthy controls included psychiatric disorders (including specific phobias) per ADIS-IV-Mini, or psychiatric medications. Exclusion criteria for OCD and controls included IQ \<80 on the Wechsler Abbreviated Scales of Intelligence (WASI)^[@bib32]^ and medical conditions affecting cerebral metabolism (for example, thyroid disorders and diabetes).

Randomization and blinding
--------------------------

For randomization of OCD participants to treatment-first or minimal contact waitlist-first followed by treatment, we used randomized permuted blocking^[@bib33]^ with block size of 4 and covariate-adaptive randomization for medication status, gender and age.^[@bib34]^ Independent evaluators not involved in treatment or assessments administered psychometric instruments ([Supplementary Protocol 1](#sup1){ref-type="supplementary-material"}). Estimated reliability between evaluators was high (Intraclass Correlation Coefficient 0.74).

Psychometric evaluations
------------------------

Primary outcome was the YBOCS.^[@bib31]^ Secondary measures included the Obsessive Compulsive Inventory Revised (OCI-R),^[@bib35]^ Hamilton Anxiety Scale (HAMA)^[@bib36]^ and the Montgomery-Åsberg Depression Rating Scale (MADRS).^[@bib37]^ General functionality and social/occupational performance was rated with the Global Assessment Scale (GAS).^[@bib38]^

Treatment
---------

All OCD participants underwent manualized^[@bib39]^ exposure and response prevention (ERP)-based intensive CBT with individual therapists (90-minute sessions, 5 days per week, 4 weeks). Two licensed therapists with extensive training in CBT for OCD conducted treatment. Both had 6 or more years of specialty training in intensive and outpatient CBT for OCD. Therapy sessions of consenting participants (61%) were videotaped, and an independent evaluator (also a trained CBT therapist with 8 years experience) rated all sessions for quality assurance, including adherence to the manual and overall quality of the session ([Supplementary Protocol1](#sup1){ref-type="supplementary-material"}). Average treatment adherence was 97.7% and average quality of sessions was 9.96 (0--10 scale).

FMRI acquisition and processing
-------------------------------

MRI data were acquired before and after 4-week intervals at 3T (Siemens Trio, Los Angeles, CA, USA) with a 12-channel head coil. Whole-brain BOLD fMRI was collected using a 7-min echo-planar imaging (EPI) sequence (TR/TE=2000/25 ms, flip angle=78°, voxels 3 mm^3^, 1-mm gap). Participants were instructed to rest with eyes closed and not to sleep. Whole-brain T1-weighted MRI (MPRAGE, TR/TE=1900/3.26 ms, voxels 1 mm^3^) was acquired for registration.

Functional data were preprocessed using FSL 5.0.4 (<http://www.fmrib.ox.ac.uk/fsl>). Data were motion-corrected (MCFLIRT) and band-pass filtered (0.009--0.08 Hz). Seven and twelve degrees-of-freedom transforms were used to register functional images to MPRAGE and to Montreal Neurological Institute (MNI) space, respectively, and data were resampled to 2-mm space. Preprocessing included intensity normalization, but not spatial smoothing, and linear regression of global signal, cerebrospinal fluid, and their first derivatives, as well as six head-motion parameters. Motion was assessed using DVARS (root-mean-squared change in volume-to-volume BOLD signal).^[@bib40]^ There were no significant differences in DVARS for pre-CBT (29.2±4.0) vs post-CBT (28.6±4.7) OCD (*P*=0.48, paired *t*-test) or for Week 1 (28.1±3.2) vs Week 4 (29.5±4.0) controls (*P*=0.10), nor were there any between-group differences at either timepoint: OCD vs controls: Week 1 (29.2±4.4) vs (28.1±3.2), (*P*=0.29; independent *t*-test); Week 4 (28.6±4.7) vs (29.5±4.9), (*P*=0.42).

Connectivity analyses
---------------------

### Network-based statistic analysis

We sampled the entire brain using 160 functionally defined, non-overlapping, 10-mm diameter nodes ([Figure 1](#fig1){ref-type="fig"}).^[@bib41]^ We calculated all pairwise full-correlation coefficients, without thresholding, allowing all positive and negative values, between nodes for each individual's rsfMRI time-series data. NBS is data-driven and allows one to identify functionally correlated networks of brain regions. Specific subsets of nodes are determined to be statistically significant based on mutual connections in topological rather than physical space. We used the NBS Toolbox^[@bib17]^ to analyze functional matrices with statistical threshold *P*=0.01, 10 000 permutations, *t*-threshold=6, and exchange blocks for paired comparisons. Given the arbitrary choice of threshold, we retested at lower and higher thresholds ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, [Supplementary Table 1](#sup1){ref-type="supplementary-material"} and [Supplementary Video 1](#sup1){ref-type="supplementary-material"}). For OCD vs control comparisons, medication-status and randomization-arm (treatment-first or waitlist-first) regressors were added to the model, with *P*=0.05, 10 000 permutations, and a lower t-threshold=4, given the lower power for *n*=24 controls. For both comparisons, networks were identical using extent or intensity thresholding.

### CSTC nodal connectivity analysis

Because the widely used node set identified by Dosenbach^[@bib41]^ did not include specific CSTC regions of interest to us, we performed an additional nodal functional connectivity analysis implemented with the REST toolbox (<http://www.rest.restfmri.net>) to investigate CTSC nodes. We limited our investigation to 7 nodes identified from the Neurosynth database (<http://www.neurosynth.org>, a platform for synthesis of fMRI data from \> 11 000 studies with meta-analyses of \> 300 terms and 150 000 brain locations) using the search term 'Obsessive Compulsive', and then analyzed differences in functional connectivity between OCD and HC at baseline and for OCD before and after CBT. We used 2-sample t-tests for OCD vs HC comparisons, and paired *t*-tests for pre- vs post CBT connectivity in OCD. A Bonferroni correction for multiple comparisons was employed for testing the hypotheses involving right and left ipsilateral connections between caudate and OFC (*P*-value ⩽0.025), and a false-discovery rate correction (FDR) for the remaining exploratory hypotheses for all other node pairs in the 7-node set. Detailed methods of nodal connectivity analysis can be found in the [Supplementary Materials](#sup1){ref-type="supplementary-material"}.

Data analysis and associations with clinical variables
------------------------------------------------------

We used paired *t*-tests (SPSS v23, IBM, Armonk, NY, USA) to assess treatment response and linear regressions to test relationships between changes in connection strength and changes in psychometric scores. Regressions evaluating changes in OCD symptoms and network connectivity with treatment examined 18 connections at *P*=0.05, Bonferroni-corrected to *P=*0.05/18=0.0028. We conducted exploratory analyses to examine whether connection strength prior to CBT was associated with changes in OCD symptoms (YBOCS), anxiety (HAMA) and depression (MADRS).

Results
=======

We assessed 76 participants ([Table 1](#tbl1){ref-type="table"}, [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Fifty-one right-handed adults ages 18--60 years diagnosed with DSM-IV OCD were randomized. Four waitlist-first participants elected to withdraw before finishing waitlist and 1 was withdrawn due to medication protocol violation. The study physician withdrew 2 treatment-first participants, and 1 completed the study but had inadequate data due to head motion. Twenty-five healthy controls ages 19--60 years participated; one had inadequate data due to head motion. Ultimately, 43 OCD and 24 controls were analyzed. Symptom dimensions for OCD participants at baseline are presented in [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}.

Within the OCD sample, six patients were undergoing concurrent treatment with fluoxetine, one with fluvoxamine, two with escitalopram, three with sertraline and two with paroxetine. The proportion of OCD participants on medication did not differ between the active CBT and waitlist arms (*χ*^2^=1.43, *P*=0.23).

Pre- to post-CBT and waitlist OCD symptom changes
-------------------------------------------------

YBOCS improved pre-to-post-CBT for all but one patient (pre-CBT mean: 24.5±4.7, post-CBT: 15.0±5.2; improvement 9.7±5.8 (39.6%): *t*=11.0, *P*\<0.001; [Table 1](#tbl1){ref-type="table"}). YBOCS Obsessions subscale improved from 11.9±2.7 to 7.9±3.1 (4.0±3.3 (33.4%) improvement: *t*=7.94, *P*\<0.001). YBOCS Compulsions subscale improved from 12.6±2.3 to 7.0±2.7 (5.6±3.3 (44.2%) improvement; *t*=11.0, *P*\<0.001). Pre-to-post-waitlist there was little change in YBOCS (pre-waitlist: 25.6±4.9, post-waitlist 24.7±5.4; 0.90±3.1 (3.5%) improvement: *t*=1.35, *P*=0.19). Patients on average had large improvements in OCD symptoms with CBT, but not waitlist, and compulsions improved more than obsessions ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}).

Pre-to-post-CBT connectivity changes
------------------------------------

Longitudinally, there were extensive, high-magnitude network connectivity increases within the OCD sample, in a largely anterior-posterior pattern. Eight networks exhibited stronger connectivity pre-to-post-CBT ([Figure 2](#fig2){ref-type="fig"}, [Table 2](#tbl2){ref-type="table"}). As predicted, this enhanced connectivity involved networks with nodes both within classical CSTC circuits (caudate and putamen, dorsal ACC, thalamus), and outside these circuits (including inferior frontal gyrus, middle frontal gyrus, precentral gyrus, insula, posterior cingulate, occipital cortex (intracalcarine cortex, lingual gyrus, lateral occipital cortex) and cerebellum (crus I, V, VI)). Notably, the strongest increases involved cerebellum V connectivity with middle frontal gyrus, cerebellum Crus I with frontal pole, cerebellum VI to caudate, and cerebellum Crus I to putamen. All eight NBS significant networks involved increases in connectivity that crossed networks for the previously defined Dosenbach node set: cingulo-opercular, fronto-parietal, default mode, sensorimotor, occipital and cerebellum ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}).^[@bib41]^ No networks exhibited decreased connectivity pre-to-post-CBT.

Pre-to-post-waitlist and pre-to-post-4 week healthy control connectivity changes
--------------------------------------------------------------------------------

There were no significant pre-to-post-waitlist differences in connectivity, indicating no significant effects in OCD participants of being enrolled for 4 weeks with minimal therapist contact. Nor were there any significant differences in connectivity following the passage of 4 weeks of time in healthy controls ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}).

Changes in connectivity associated with changes in OCD symptoms
---------------------------------------------------------------

There were no significant associations between changes in YBOCS total scores and changes in connection strength in the eight networks that significantly changed pre-to-post-CBT. Motivated by the increases observed in cerebellar connectivity with caudate/putamen and frontal pole, we explored *post hoc* whether these connectivity changes reflected improved control over motor behaviors and mental compulsions, given the strong behavioral emphasis of the ERP treatment. We therefore examined correlations between connectivity changes and YBOCS subscores indexing resistance to compulsions (Item \#9) and control over compulsions (Item \#10). Increased connectivity between right frontal pole and left parietal operculum was significantly associated with increased efforts to resist compulsions (*P\<*0.001 Bonferroni-corrected, [Figure 3a](#fig3){ref-type="fig"}). R and p-values for the correlations for Item \#9 and Item \#10 can be found in [Supplementary Table 4](#sup1){ref-type="supplementary-material"}. Exploratory analyses tested associations between HAMA and MADRS and increases in connectivity; neither survived correction for multiple comparisons.

OCD vs control connectivity pre- and post-CBT
---------------------------------------------

Pre-CBT there were no significant differences in connectivity between OCD and controls, apart from a trend for stronger connectivity in controls between left intraparietal lobule and left precentral gyrus ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). Post-CBT, there were 4 networks with stronger connectivity in OCD than controls ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}, [Supplementary Table 3](#sup1){ref-type="supplementary-material"}, [Supplementary Video 2](#sup1){ref-type="supplementary-material"}). These included connections between left cerebellum (V) and right and left precentral and postcentral gyri; right cerebellum (VI, Vermis VI) with left angular gyrus; and right intracalcarine cortex with right and left caudate and paracingulate.

Pre-CBT connectivity associations with OCD symptoms
---------------------------------------------------

Pre-treatment, the network consisting of the connection between left and right anterior insula was significantly associated with Total YBOCS score (r=−0.35, *P*=0.02, [Figure 3b](#fig3){ref-type="fig"}). See [Supplementary Figure 8](#sup1){ref-type="supplementary-material"} for pre-CBT strength association with HAMA improvement.

CSTC nodal connectivity results
-------------------------------

For testing of connectivity hypotheses for OCD vs HC between ipsilateral caudate nuclei and OFC, we did not find significant differences pretreatment (*P*=0.20) or post-treatment (*P*=0.55). However, in OCD there was a trend for decreased connectivity between left caudate to left orbital frontal cortex from pre- to post-CBT (*P*=0.052). Results of exploratory connectivity analysis for all other node pairs can be found in the [Supplementary Materials.](#sup1){ref-type="supplementary-material"}

Discussion
==========

We examined the effects of CBT for OCD on brain functional connectivity for, we believe, the first time using NBS, which allows whole-brain evaluation of network connectivity. Our analysis revealed several novel findings. CBT resulted in increased resting-state functional connectivity in multiple networks within and outside classic CSTC circuits, all of which crossed previously defined, canonical functional connectivity networks.^[@bib41]^ The strongest increases involved cerebellar connections to striatum and prefrontal cortices. In addition, increased functional connectivity between right frontal pole-left parietal operculum correlated positively with increased ability to resist compulsions. These findings imply that CBT for OCD encompasses neurophysiologic changes in both classical CSTC and non-CSTC pathways. This may signify enhancement of cross-network communication, perhaps involving compensatory mechanisms, beyond simple reversal of pretreatment abnormalities.

The first major finding was that, as predicted, functional connectivity increased in multiple networks from pre- to post-CBT in OCD. There were no significant changes in connectivity pre-to-post-waitlist, or in healthy controls before and after 4 weeks, implying that the observed changes were CBT-related rather than due to nonspecific effects of the passage of time, minimal contact with a therapist, or being scanned twice. Thus, CBT may induce not only global,^[@bib21]^ but also regional brain network changes in OCD. A prior study^[@bib20]^ similarly found both global and regional functional connectivity effects of SRI-treatment for OCD. As these effects overlapped only partially with present findings (in occipital cortex, insula, posterior cingulate, superior parietal lobule, middle frontal gyrus, precentral gyrus, but not in cerebellum, caudate, putamen, thalamus, precuneus or ACC), CBT and SRIs may support recovery from OCD along partly distinct pathways.

The strongest increases in connectivity involved connections between cerebellum and striatum and cerebellum and prefrontal cortex. Multiple previous studies in OCD have found abnormal activity or connectivity involving the cerebellum. One fMRI study found that activity during a Stroop task increased in left cerebellar declive, right cerebellar tonsil, and right precuneus with CBT.^[@bib42]^ A recent study in OCD found abnormal functional connectivity involving cerebellar regions and striatum (caudate, putamen), pallidum, and thalamus;^[@bib43]^ these increased cerebellar-striatal connections might be a signature of an underlying compensatory process, which, in the context of the current study (although we did not explore modular connectivity), might be enhanced with CBT. Several other cross-sectional studies have found abnormal resting-state functional connectivity in the cerebellum. One found stronger connectivity compared with controls in posterior cerebellum VI, vermis VIIIa, IX, X and Crus I.^[@bib26]^ Similarly, other studies found greater global brain connectivity in OCD than controls in cerebellum (left)^[@bib10]^ and greater connectivity between lateral and inferior cerebellar regions.^[@bib14]^ In contrast, one study found below-normal functional connectivity in cerebellum.^[@bib27]^ Another found reduced cerebellar response during fear extinction recall in OCD; in addition, cerebellum and insula activity significantly predicted OCD symptom severity.^[@bib44]^ Finally, one investigation found elevated regional homogeneity (ReHo) in cerebellum.^[@bib45]^ In summary, mounting evidence points to cerebellar activity and connectivity playing a role in OCD pathophysiology and/or treatment.

In our study, several connectivity changes involving cerebellum resemble specific effects of CBT seen in other disorders. A study of CBT for ADHD observed increased functional connectivity with the posterior cerebellum,^[@bib46]^ implicated in cognitive and emotional tasks^[@bib47]^ and found increases in connectivity with middle frontal gyrus and superior parietal cortex, similar to the present investigation. A study of CBT for chronic pain found increased local BOLD fluctuations^[@bib48],\ [@bib49]^ in posterior cingulate and anterior cerebellum (IV, V).^[@bib50]^ A study of CBT for schizophrenia associated stronger dorsolateral-to-cerebellar connectivity with greater clinical improvement.^[@bib51]^ This suggests some common effects of CBT across different applications.

Post-CBT increases in cerebellar connectivity to striatum and prefrontal cortex in OCD could represent improved control over motor behaviors and over affect and cognition, respectively. In the current study, cerebellar connectivity increases involved both anterior (V) 'sensorimotor' and posterior (Crus I, VI) 'cognitive and emotional' lobes.^[@bib47]^ The cerebellum has a role in motor functions, from movement coordination to response-inhibition,^[@bib47],\ [@bib52]^ and is instrumental in acquisition of goal-directed behavior and optimization of motor responses.^[@bib53],\ [@bib54]^ In addition, the dysmetria of thought theory^[@bib55]^ posits cerebellar modulatory involvement in cognition and emotion. Moreover, CBT-relevant effects may be mediated by the vermis through formation of new unconditioned--conditioned associations in fear memory to enable appropriate responses to new stimuli and situations.^[@bib56]^ Although much remains to be elucidated, current views on functional anatomy in conjunction with previous OCD neuroimaging are consistent with the cerebellum having a key role in CBT-response.

Several other sites exhibited CBT-associated increases in functional connectivity in our study. Among these, two CSTC-regions--dorsal ACC and thalamus--were implicated in our earlier PET work on intensive CBT for OCD.^[@bib57]^ As hypothesized, we found results in classical (caudate, putamen, dorsal ACC and thalamus) and non-classical (inferior frontal gyrus, middle frontal gyrus, precentral gyrus, insula, posterior cingulate cortex and occipital cortex) OCD sites. Some connectivity increases involved the frontal pole, a region where we previously observed abnormal pretreatment functional connectivity in pediatric OCD^[@bib58]^ and where others^[@bib59]^ found associations between functional connectivity and compulsive symptoms in adult OCD.

A second (exploratory) finding was that connectivity in one network correlated with increased resistance against compulsions. This suggests enhanced resistance as a prime mechanism of CBT. The type of CBT administered in our trial (ERP^[@bib39]^) is indeed predicated on the patient's ability to resist compulsions. After short-term ERP (conducted here) improvements in compulsions typically exceed improvements in obsessions,^[@bib60]^ as observed in the present study (44.2% vs 33.4%). Increased connectivity at frontal and parietal sites in this study may be associated with improved resistance to compulsions. Improvements in obsessions, which usually catch up longer term,^[@bib61]^ in contrast, may correspond with normalization of hyperactive CSTC circuits seen in other studies.

A third finding was that, post-CBT, functional connectivity between several sites was higher in OCD than in the control group. There were no significant connectivity differences between OCD and healthy controls pretreatment (differences in one connection between left inferior parietal lobule and left precentral gyrus were evident only for lenient statistical thresholding). The additional connectivity analysis testing CTSC regions-of-interest using nodes derived from a meta-analysis of obsessive compulsive studies, again revealed no significant differences between the OCD and control groups. Thus, two different functional connectivity analyses support the idea that connectivity-strengthening processes may reflect effects of CBT independent of normalization of pathophysiological circuits. Only one connection (right caudate--right intracalcarine cortex) in a network that increased pre-to-post-CBT overlapped with a connection that was significantly greater in OCD than controls post-CBT, although several of the same nodes were involved in both pre-vs-post and OCD-vs-control findings, including ACC, occipital cortex, caudate, thalamus, parietal operculum and precentral gyrus. Additional regions (superior parietal lobule, angular gyrus, postcentral gyrus and supplementary motor area) involved in the latter, supports CBT-effects being neuroanatomically more widespread than previously imagined.

Pre-treatment, OCD symptom severity was associated with connectivity between right and left insula. Similarly, two other studies found strong associations between OCD symptoms and insula. One rsfMRI study found a strong correlation between right insula intrinsic neural activity (amplitude of low-frequency fluctuations---ALFF) and YBOCS.^[@bib62]^ As mentioned, another study found that insula activity strongly predicted OCD symptom severity.^[@bib44]^ In the current study, the absence of strong connectivity differences between OCD and controls at baseline is somewhat surprising. An important distinction from other studies is that we used NBS to probe network connectivity across the whole-brain; NBS detects aberrations or changes in networks (clusters or sets of interconnected nodes)^[@bib17]^ rather than connectivity to/from single nodes or voxels as in previous cross-sectional OCD connectivity studies.^[@bib10],\ [@bib26],\ [@bib63]^

Further, as OCD is heterogeneous in symptom domains, severity, comorbidities, and neurocognitive dysfunction,^[@bib64]^ pretreatment variation across patients in individual symptoms (and compensatory 'backup' processes) and individual connectivity biomarkers may obscure group-mean connectivity differences. If, however, intensive CBT more consistently engages one specific set of symptoms across patients (for example, resisting compulsive behaviors) over common network mechanisms, that could lead to appreciable group-wise pre-to-post-CBT increases in connectivity, as well as post-CBT differences in connectivity between OCD and controls, as observed in this study.

A limitation of this study is that the functional node set, chosen for comparison with other investigations,^[@bib15],\ [@bib41],\ [@bib58],\ [@bib65]^ did not include the amygdala, which has a possible role in aberrant OCD connectivity^[@bib66]^ and CBT response prediction.^[@bib67]^ While we included both medicated and unmedicated OCD participants, medicated patients were on stable doses and we used medication status as a covariate for comparisons with controls. Finally, the sample size was larger for the OCD than for the control group; thus power was lower for between-group than for pre-post-CBT comparisons.

In conclusion, CBT increased functional connectivity in multiple networks within and outside CSTC circuits in OCD. Increased cerebellar to striatal and prefrontal connectivity may reflect CBT strengthening the ability to resist compulsions and the acquisition of new non-compulsive goal-directed behaviors and thought patterns. Mechanisms of CBT, at least immediately following intensive treatment, may involve cross-network strengthening of compensatory processes rather than normalizing of pathophysiological circuits. These findings have implications for identifying potential targets for enhancing treatment efficacy (via behavioral, pharmacological and/or brain stimulation treatments) and for monitoring clinical progress in individual patients.
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![Flowchart for NBS analysis of whole-brain resting-state fMRI. (1) Resting state data were acquired, preprocessed to remove motion artifact, and normalized to the MNI template; (2) On the MNI template, 160 functional nodes were defined; (3) Time series within each node were extracted; (4) Functional connectivity was calculated for each pair of nodes for each participant; (5) 160 × 160 connectivity matrices (full-correlations) were computed; (6) Network-based statistic (NBS) method was used to identify connectivity differences between groups and before and after CBT; (7) Linear regressions compared connectivity strength and OCD symptoms. rsfMRI, resting state functional MRI.](tp2017192f1){#fig1}

![Obsessive compulsive disorder (OCD) networks showing significantly stronger connectivity pre- to post-CBT. L, left; R, right; L.Crus I, L. cerebellum crus I; L.frPole, L. frontal pole; L.ICC, L. intracalcarine cortex; L.Insula, L. posterior insula; L.Lingual, L. lingual gyrus; L.LOC, L. superior lateral occipital; L.parOper, L. parietal operculum; L.PCC, L. posterior cingulate; L.pCun, L. precuneus; L.Put, L. putamen; L.spLobule, L. superior parietal lobule; L.Thal, L. thalamus, caudate; L.V, L. cerebellum V; L.VI, L. cerebellum VI; R.Crus I, R. cerebellum crus I; R.DAC, R. dorsal anterior cingulate; R.frPole, R. frontal pole; R.ICC, R. intracalcarine cortex; R.IFG, R. inferior frontal gyrus, precentral gyrus; R.MFG, R. middle frontal gyrus; R.pCun, R. precuneus; R.STG, R. superior temporal gyrus; R.Thal, R. thalamus. Network-based statistic (NBS) analysis identified eight networks using a t-threshold=6 and *P*-value \<0.01. See [Table 2](#tbl2){ref-type="table"} for list of connections and *t-*statistics.](tp2017192f2){#fig2}

![Associations between functional connectivity and obsessive compulsive disorder (OCD) symptom severity. (**a**) Correlation across OCD participants (blue circles) between pre-to-post-CBT change in OCD symptom severity (YBOCS Item 9 sub-score, resistance to compulsions) and pre-to-post-CBT change in functional connectivity between right frontal pole and left parietal operculum (inset right; 10-mm nodes centered at MNI coordinates (6, 64, 3) and (--41, −37, 16); *r*=0.51, *P*\<0.001). Increased connectivity between this node pair may reflect improved resistance to OCD compulsions induced by CBT. (**b**) Pre-CBT there was a significant negative correlation between OCD symptom severity (YBOCS scores) and connection strength between left and right insula (inset right). (Nodes centered at (38, 21, −1) and (−36, 18, 2); *r*=−0.35, *P*=0.02). Lower pretreatment connectivity between this node pair is associated with worse symptoms. CBT, cognitive-behavioral therapy.](tp2017192f3){#fig3}

###### Obsessive-compulsive disorder and healthy control samples

  *Characteristics*                                  *OCD*      *Control*   P*-value*
  ---------------------------------------------- ------------- ------------ ------------------------------------
  Female/male                                        21/22        10/14     0.57[a](#t1-fn2){ref-type="fn"}
  Age (s.d.)                                       33 (10.7)     31(12.0)   0.49[b](#t1-fn3){ref-type="fn"}
  Education (s.d.), years                         15.6 (2.4)    15.4 (2.3)  0.74[b](#t1-fn3){ref-type="fn"}
  WASI IQ (s.d.)                                  108.2 (9.1)   109 (8.8)   0.73[b](#t1-fn3){ref-type="fn"}
  GAS (s.d.)                                       57.6(8.5)    84.8(19.2)  \<0.001[b](#t1-fn3){ref-type="fn"}
  Serotonin-reuptake inhibitor                        14                     
                                                                             
  *Psychiatric comorbidities*                                               
   None                                               12                     
   Panic disorder                                      2                     
   Generalized anxiety disorder                        9                     
   Social anxiety disorder                            17                     
   Major depressive disorder                           7                     
   Dysthymia                                           2                     
   Body dysmorphic disorder                            4                     
   Post-traumatic stress disorder                      1                     
   Specific phobia                                     6                     
   Depressive disorder not otherwise specified         1                     
                                                                             
  YBOCS total pre-CBT                             24.5 (4.7)                 
  YBOCS total post-CBT                            15.0 (5.2)                \<0.001[c](#t1-fn4){ref-type="fn"}
  OCI-R pre-CBT                                   1.53 (1.0)                 
  OCI-R post-CBT                                  0.92 (0.8)                \<0.001[c](#t1-fn4){ref-type="fn"}
  HAMA pre-CBT                                    12.4 (5.4)                 
  HAMA post-CBT                                    8.4 (5.1)                \<0.001[c](#t1-fn4){ref-type="fn"}
  MADRS pre-CBT                                   15.3 (9.5)                 
  MADRS post-CBT                                  10.8 (8.9)                \<0.001[c](#t1-fn4){ref-type="fn"}
  GAS pre-CBT                                     57.6 (8.5)                 
  GAS post-CBT                                    69.6 (13.3)               \<0.001[c](#t1-fn4){ref-type="fn"}

Abbreviations: CBT, cognitive-behavioral therapy; GAS, Global Assessment Scale; HAMA, Hamilton Anxiety Scale; MADRS, Montgomery-Åsberg Depression Rating Scale; OCD, obsessive compulsive disorder; OCI-R, Obsessive Compulsive Inventory Revised; WASI, Wechsler Abbreviated Scales of Intelligence; YBOCS, Yale-Brown Obsessive Compulsive Scale. See [Supplementary Table 2](#sup1){ref-type="supplementary-material"} for complete YBOCS item score pre- and post-CBT.

Chi-squared test.

Independent *t*-test.

Paired *t*-test, comparing pre- versus post-CBT.

###### OCD Network Connections with Connectivity Stronger Post-CBT Than Pre-CBT

  *Hemi*                         *Region*                  x     y     z     *Hemi*           *Region*          x     y     z     t
  ------------- ------------------------------------------ ----- ----- ---- -------- -------------------------- ----- ----- ----- ------
  *Network 1*                                                                                                                     
   Right                Dorsal anterior cingulate          9     39    20     Left         Lingual gyrus        −18   −50   1     6.07
                                                                                                                                   
  *Network 2*                                                                                                                     
   Left                        Frontal pole                −29   57    10     Left       Cerebellum Crus I      −34   −67   −29   6.02
                                                                                                                                   
  *Network 3*                                                                                                                     
   Right                         Caudate                   14    6     7      Left         Cerebellum VI        −16   −64   −21   7.07
   Right                         Caudate                   14    6     7     Right     Intracalcarine cortex    9     −76   14    6.48
                                                                                                                                   
  *Network 4*                                                                                                                     
   Left                          Putamen                   −20   6     7     Right       Cerebellum Crus I      33    −73   −30   6.29
   Left                          Putamen                   −20   6     7     Right           Precuneus          11    −68   42    6.06
   Left                   Intracalcarine cortex            −5    −80   9     Right           Precuneus          11    −68   42    6.40
   Right                        Precuneus                  11    −68   42     Left       Thalamus, caudate      −12   −3    13    6.12
   Left                    Posterior cingulate             −3    −38   45     Left       Thalamus, caudate      −12   −3    13    6.35
                                                                                                                                   
  *Network 5*                                                                                                                     
   Right                   Middle frontal gyrus            40    17    40     Left        Posterior insula      −30   −28   9     6.32
   Left                 Superior lateral occipital         −36   −69   40     Left        Posterior insula      −30   −28   9     6.04
                                                                                                                                   
  *Network 6*                                                                                                                     
   Right                   Middle frontal gyrus            46    28    31     Left          Cerebellum V        −6    −60   −15   6.57
   Right         Inferior frontal gyrus, precentral gyrus  58    11    14     Left          Cerebellum V        −6    −60   −15   6.09
   Right                       Frontal pole                39    42    16     Left          Cerebellum V        −6    −60   −15   7.29
   Right                 Superior temporal gyrus           51    −30   5      Left          Cerebellum V        −6    −60   −15   6.32
   Right                 Superior temporal gyrus           51    −30   5      Left    Superior parietal lobule  −32   −58   46    6.06
                                                                                                                                   
  *Network 7*                                                                                                                     
   Right                       Frontal pole                6     64    3      Left       Parietal operculum     −41   −37   16    6.24
                                                                                                                                   
  *Network 8*                                                                                                                     
   Left                         Precuneus                  −2    −75   32    Right            Thalamus          11    −12   6     6.13

Abbreviations: BOLD, blood-oxygenation-level dependent effect; CBT, cognitive-behavioral therapy; fMRI, functional magnetic resonance imaging; NBS, network-based statistic; OCD, obsessive-compulsive disorder.

Within the OCD sample, NBS compared connectivity strength (time-series correlations between nodes) of resting-state BOLD fMRI at all pairs of 160 functional nodes for pre- versus post-CBT. For eight networks, comprising 18 connections, connectivity was significantly stronger after CBT (*t*-threshold=4, *P*=0.01); no node pairs had significantly weaker connectivity after CBT.
